Additional index words. Carica papaya, multiple stress interaction, water defi cits, wind stress Abstract. Trade winds occur throughout the year and drought occurs seasonally in many papaya (Carica papaya L.) production regions. We conducted four studies with 'Known You 1' and 'Sunrise' papaya seedlings to determine the combined infl uence of wind and water defi cit on growth. We conducted three additional experiments to determine plant response to wind within a continuous dose range of 0 to 2.5 m·s -1 . The main effects of wind and irrigation signifi cantly reduced most response variables, such as dry weight components, leaf area, and height. However, the two factors acted independently of each other for every measure of plant growth. Thus, there was no departure from simple effects of an additive model for each main factor. The relationship between plant growth and wind between 0 and 2.5 m·s -1 could be described by a quadratic model. Results indicate that the infl uence of wind on plant growth cannot be studied without controlling or quantifying soil moisture among treatment groups. Practically, our results indicate that wind protection of young papaya plants may be warranted more so in the dry season than in the wet season or under suffi cient irrigation practices.
Wind exposure reduces growth and yield of numerous horticultural crops (Waister, 1972) . Most information on the infl uence of wind on papaya is general in nature and not based on empirical studies (e.g., Malo and Campbell, 1994; Nakasone and Paull, 1998; Samson, 1980) . We have recently reported the only published data that we are aware of on this subject (Clemente and Marler, 2001) . Various measures of growth of three papaya cultivars were decreased by exposure to wind. Moreover, wind exposure increased dark respiration and decreased net photosynthesis of papaya leaves when compared with wind protection (Clemente and Marler, 2001) .
Water defi cits affect plant development in many ways such as reduced growth and altered patterns of resource allocation (Nilsen and Orcutt, 1996) . For example, water defi cits generally increase root growth relative to stem and leaf growth (Brouwer, 1983; Nilsen and Orcutt, 1996; Russell, 1977) . Published information on the responses of papaya plants to water stress is minimal. In one study, drought stress reduced net photosynthesis, altered the diurnal pattern of gas exchange, and decreased various measures of photochemical effi ciency of papaya plants (Marler and Mickelbart, 1998) . In another study, the speed with which stomata were able to track rapid changes in irradiance was compromised by water defi cits (Clemente and Marler, 1996) .
Plants are rarely exposed to a single environmental stress (Mooney et al., 1991) . Thus, the effect of wind on plants may vary with water availability, and plant response to water defi cits may vary with wind exposure. We conducted preliminary experiments to learn that wind and drought reduced papaya growth independently when provided in combination (Clemente and Marler, 1999) . The number of replications in those studies was low due to limitations in the experimental arrangement. We know of no other reports on the infl uence of the interaction of these two important environmental stresses on papaya. Thus, the purpose of this study was to conduct a series of experiments to determine the combined infl uence of wind and irrigation on papaya plants using an adequate number of replications. We predicted the negative growth responses to wind or water defi cit would be exacerbated by a combination of both factors.
Additionally, the only published data on papaya response to wind used disjunct levels of wind exclusion (Clemente and Marler, 2001) . Plants were exposed to no wind or reduced wind by use of plastic or screen baffl es. This did not allow for any discussion about the infl uence of wind speed as the continuous variable that it is. Thus, a secondary purpose of this study was to defi ne papaya growth response to a continuous range of wind speed. We predicted a segmented model similar to plant response to salinity stress (e.g., van Genuchten and Hoffman, 1984) would result where growth at low wind speeds would result in a plateau, and growth would begin to decline as wind increased beyond a threshold wind speed.
Materials and Methods
In total, seven experiments were conducted in 2002 and 2003 using industrial fans to supply wind and a constructed rain shed to protect the experimental site from rainfall. The number of plants that could be adequately exposed to prescribed wind treatments was limited by the experimental layout. Thus, we elected to conduct a series of short-term experiments then subject results to combined analysis of variance to achieve an adequate number of replications.
Experiments 1 to 4. Four experiments were conducted to determine the combined infl uence of irrigation and wind on papaya seedlings. For each study, 'Known You 1' and 'Sunrise' papaya seeds were planted in 0.625-L pots with a growing medium consisting of 60% peat and 40% perlite. The seedlings were grown under nursery conditions for 3 weeks, and irrigated as needed. Plants were fertilized weekly with 25 mL of complete fertilizer solution (Excel, Grace-Sierra, Milpitas, Calif.) providing 7.5 mM N. Eighteen plants that were homogeneous in height and stem diameter were selected from each cultivar, and six of these were randomly selected and dried to constant weight at 70 °C to determine initial dry weight. The remaining 12 seedlings from each cultivar were transferred to the experimental area. Initial plant height was measured. The experiment was conducted on nursery benches under a clear polypropylene cover. The structure allowed 92% sunlight transmission but prevented the exposure to rain. The sides of the structure were kept uncovered.
Six seedlings of each cultivar were exposed to unidirectional wind averaging 2.0 m·s -1 for 12 h during each photoperiod for 3 weeks. Plants were subjected to wind treatments during the photoperiod because historic information evinces a disparity in diurnal and nocturnal wind average (Clemente and Marler, 2001 , and citations therein). Wind was supplied by three industrial fans, and the affected bench area could only accommodate 12 plants in a manner that ensured homogeneity of wind speed and lack of mutual protection from wind. The remainder of the seedlings were placed away from the fans as the control (no wind). Half of the wind-exposed seedlings and half of those not exposed to wind were subjected to reduced water supply. We initiated this treatment by weighing each plant to determine 24 h water use, then adding back half of that amount. This continued for the fi rst week, and 25 mL was added to each container each day thereafter. The remaining plants were watered daily to maintain rooting substrate near container capacity. This approach provided treatments of wind and water defi cit, wind and adequate irrigation, no wind and water defi cit, and no wind and adequate irrigation. There were three replications for each treatment combination for each of the four experiments, for a total of 12 replications for each treatment combination for combined analysis of repeated experiments.
Final measurements included stem height, stem base diameter, and leaf area (LA) (model AM 100 area meter; Analytical Development Co., Hoddesdon, Herts, U.K.). Leaf, stem, and root dry weights were measured after drying to a constant weight at 70 °C. Growth in terms of increase in dry weight, increase in height, and root-canopy ratio (RCR) were calculated. Relative growth rate (RGR) was calculated as the change in dry weight over the change in time per unit fi nal dry weight. Stem cross sectional area (SCA) was calculated from the measured stem diameter. Specifi c leaf area (SLA) was calculated as leaf area divided by leaf weight.
Experiments 5 to 7. Preparation of plant material followed methods described above. Three-week-old seedlings were placed in the experimental area in a manner that allowed exposure to wind speeds within the range of 0 to 2.5 m·s -1 . We limited exposure to wind to 12 h during the photoperiod. As with Expts. 1 to 4, we were constrained by the experimental arrangement and the need to ensure a lack of mutual wind protection among the plants. Thus, the experiment was repeated for a total of three experiments.
Statistical analysis. We did not desire to compare cultivar differences, so we analyzed data for each cultivar separately. The results from Expts. 1 to 4 were analyzed as a combined analysis of variance over four experiments (Gomez and Gomez, 1984) in order to remove the variation among experiments from the error term. The analysis was based on a two-way factorial with wind and irrigation as the factors within each experiment. The increase in plant height, dry weight (leaf, stem, root, and total), LA, SCA, RGR, RCR, and SLA were our response variables. We treated the increase in dry weight in Expts. 5 to 7 as the dependent variable, and wind speed as the independent variable. These data were fi tted with various functions to determine if this response was best described by a segmented model or a smooth function (SAS Institute, 1988) .
Results
Experiments 1 to 4. The main effect of wind exposure infl uenced every response variable for 'Sunrise' (Table 1 ) and every response variable except for LA and RCR for 'Known You 1' (Table 2 ). All signifi cant direct measures of plant growth or plant size were decreased by wind exposure, as was the calculated RGR. In contrast, SLA was greater for wind-exposed plants than for protected plants.
Our intention for the irrigation treatment was to impose a slowly developing level of water defi cit rather than an acute stress, since our primary objective was to study the interaction with wind. The decrease in RGR due to water defi cit was similar to the decrease in RGR due to wind exposure. Thus, we believe the methods achieved the desired outcome. The main effect of irrigation infl uenced response variables in a manner similar to wind (Tables  1 and 2 ). RCR of 'Known You 1' plants was not infl uenced by irrigation.
The interaction of wind and irrigation is the focus of this study. None of the measures of plant growth or size were infl uenced by the interaction of wind and irrigation (Tables  1 and 2 ). In contrast, the interaction of these two factors signifi cantly infl uenced SLA of 'Sunrise' seedlings (Table 1) . Under the conditions of this study, water defi cit decreased SLA less in wind-exposed plants than in protected plants. Similarly, wind decreased SLA less in plants exposed to water defi cit than in wellwatered plants.
Experiments 5 to 7. The increase in dry weight of papaya seedlings as infl uenced by exposure to a wind speed continuum was not described by a segmented model as we predicted. The decline in growth was smooth throughout the wind range of 0 to 2.5 m·s -1 for both cultivars. Both response curves could be explained with a negative quadratic function (Fig. 1) .
Discussion
Plant responses to wind and the factors that defi ne those responses are complex (reviewed by Grace, 1977; Ennos, 1997) . Attempts at generalizing plant responses are usually misleading (e.g., Smith and Ennos, 2002) . The infl uence of wind on plants may vary with duration and velocity (Grace, 1977; Kramer and Kozlowski, 1979; Nobel, 1981) ; plant species (Davies et al., 1974) , plant density (Retuerto et al., 1996) , shade level (Henry and Thomas, 2002) , and leaf × air interactions (Grace, 1977; Mansfi eld and Davies, 1985) . Studying any negative aspects of wind is also confusing because wind-induced mechanical stimulation of plants elicits benefi cial responses, such as improved pest resistance (Cipollini, 1997) and improved biomechanical properties of roots (e.g., Stokes et al., 1995; Tamasi et al., 2005) or stems (e.g., Watt et al., 2005) leading to increased plant stability.
Wind and seasonal drought are two environmental stresses that infl uence growth and development of many tropical and subtropical horticultural species. Our results confi rm that the relative level of water defi cit or irrigation is another factor to consider when studying and interpreting plant responses to wind. For young papaya seedlings in this controlled study area, wind and irrigation acted independently of each other for every measure of plant growth. However, the main effects of wind and irrigation were signifi cant for a majority of the variables. Thus, there was no departure from simple effects of an additive model for each main factor. When these stresses occur simultaneously, plants may respond to a greater degree than when either stress is imposed alone.
Drought stress has modifi ed the effects of wind exposure for other species. Heiligmann Table 2 . The response of 'Known You 1' papaya seedlings to 12 h·d -1 of 2 m·s -1 wind exposure and irrigation level. Variables were leaf dry weight (LDW), stem dry weight (SDW), root dry weight (RDW), total dry weight (TDW), total plant leaf area (LA), root to canopy ratio (RCR), increase in stem height, stem cross-sectional area (SCA), specifi c leaf area (SLA), and relative growth rate (RGR). and Schneider (1974) and Satoo (1962) reported that Juglans nigra L. and Robinia pseudoacacia L. growth declined more when drought was added to wind stress than when plants were exposed to wind under well-watered conditions. Grace and Russell (1982) also demonstrated wind and dry soil reduced leaf area and leaf water potential in Festuca arundinacea Schreb. more so than wind and well-watered soil. Retuerto and Woodward (1993) studied the infl uence of wind on Sinapis alba L. in controlled chambers. In those conditions, unrestricted water supply ameliorated the reduction in growth caused by wind stress. Moreover, they reported wind and water level infl uenced water use effi ciency interactively. Since our growth response variables were additive and not interactive, further study is needed to determine if physiological responses to wind and drought are generally more inclined to be under an interactive infl uence than growth responses. Papaya plant growth was decreased by wind speeds <2 m·s -1 in this study. Similarly, growth of carambola (Averrhoa carambola L.) plants exposed to wind within the same speed range was reduced (Marler and Zozor, 1992) . Plant age may infl uence the magnitude of response to these low wind doses, since age is one plant factor that infl uences response to wind (Clemente and Marler, 2001; Retuerto and Woodward, 1993) . We did not fi nd a threshold wind speed below which no growth reduction occurred, but this may have been due to the absence of wind dose levels below 0.5 m·s -1 . Perhaps very low wind doses below this level could allow for the fi tting of a segmented response model.
In conclusion, trade winds occur year round and drought occurs seasonally on Guam and other papaya production regions. When supplied in combination, these two stresses are independent, positive, and additive. From a research viewpoint, our data indicate that irrigation or soil moisture must be quantifi ed or controlled to accurately quantify plant response to wind stress. Similarly, the exposure to wind among treatment groups must be quantifi ed or controlled in fi eld irrigation studies for methods to be valid. From a horticultural viewpoint, our results indicate that wind protection of young papaya plants may be more critical in the dry season than in the wet season for rain-fed production systems. Conversely, for irrigated production systems, appropriate control over irrigation scheduling may be more important for young papaya plants grown without wind protection. 
